There are two structural profiles in the yeast Golgi. The Golgi of Saccharomyces cerevisiae is composed of a number of vesicular compartments dispersed in the cytoplasm as recognized by a large number of Golgi marker proteins. In contrast, the Golgi of Pichia pastoris was reported to be organized in a small number of stacked cisternae located near the transitional endoplasmic reticulum (tER) sites by electron microscopy and immunofluorescent staining of a few marker proteins. The guanosine diphosphate (GDP)-mannose transporter (GMT) is an essential component in the yeast Golgi apparatus. We isolated an ortholog of the GMT gene of P. pastoris and visualized the gene product by epitope tagging to verify the structural characteristics of the Golgi. The tagged product in P. pastoris cell was observed in rod-like compartments in which Och1 mannosyltransferase was also found and the tER marker Sec12 and Sec13 proteins localized very close to them. The present results add further evidence of the restricted localization of the Golgi in P. pastoris cell.
Introduction
The methylotrophic yeast Pichia pastoris currently attracts the attention of a number of researchers who are planning to produce the protein of interest to them in a large amount. An increasing number of papers report the successful production of recombinant proteins using the strong promoter of the inducible alcohol oxidase (AOX1) gene (Cereghino and Cregg, 2000; Daly and Hearn, 2005) . Several improved host-vector systems for the intracellular or secretory production of foreign gene products in P. pastoris are now commercially available. The secretory production is coupled with glycosylation with high-mannose yeast-type carbohydrates in most cases, during the vesicular transport from the endoplasmic reticulum (ER) to Golgi (Hirose et al., 2002; Yoda and Noda, 2001 ).
The primary protein glycosylation which directly links the amino acid and carbohydrate occurs in the ER using dolichol-linked sugars as the donor substrate. Further glycosylation occurs in the Golgi as the addition of monosaccharides to the preexisting carbohydrates using nucleotide diphosphate-sugars as the donor substrates (Yoda and Noda, 2001 ). Mannose is the major sugar which is added to the proteins and lipids in the yeast Golgi apparatus, and GDP-mannose is the substrate of mannosyltransferases. Because GDP-mannose is synthesized in the cytosol (Hashimoto et al., 1997) , GDP-mannose transporter (GMT) is required for its transport in the Golgi. In Saccharomyces cerevisiae, the structural gene VRG4/VIG4 encoding GMT was discovered in the studies of glycosylation-defective mutants, and the GMT was found to be essential for cell viability (Poster and Dean, 1996) . The GMT is an integral membrane protein with multiple membrane-spanning domains.
The Golgi apparatus of S. cerevisiae is composed of simple small vesicular structures which are dispersed in the cytoplasm, and therefore GMT is detected in punctate pattern by indirect immunofluorescence staining (Abe et al., 1999 (Abe et al., , 2004 Inadome et al., 2005) . In contrast, the Golgi in Pichia pastoris is reported to be composed of stacked cisternae similar to the organelle in the mammalian cell (Rossanese et al., 1999) . Furthermore, the localization of Golgi apparatus in P. pastoris was restricted to the regions named the transitional ER (tER). The tER corresponds to the sites of production of the COPII transport vesicles. Because a few Golgi proteins were experimentally examined so far, further study is appreciated to approve these characteristics. In this paper, we cloned an ortholog of the GMT gene of P. pastoris to visualize the gene product by epitope tagging, and examined the localization of the integral polytopic membrane protein in the P. pastoris Golgi.
Materials and Methods
Strains and media. The Pichia pastoris strains used in this study are listed in Table 1 . PPY12 and its derivatives are kind gifts from Dr. Benjamin Glick (University of Chicago). Saccharomyces cerevisiae K2-1C (MATa vig4-1 ura3-52 lys1 lys2-801 his3D200 leu2D1) was used as a GMT mutant (Abe et al., 1999 , f80lacZDM15, supE44 DlacU169 hsdR17 recA1 endA1 gyrA96 thi-1 relA1) was used in plasmid propagation and E. coli was grown in an LB (1% Bacto Tryptone, 0.5% Bacto yeast extract, 0.5% NaCl) medium with or without 100 mg/ml ampicillin.
General methods. Standard genetic and biochemical techniques were used (Guthrie and Fink, 1991; Higgins and Cregg, 1998) .
Expression of the tagged genes in P. pastoris. The tagged PpVIG4 gene products were produced in P. pastoris with the aid of the promoters of PpVIG4 itself (247-bp 5Ј-non-coding region just upstream of the open reading frame), inducible AOX1 (expression vec- :GAP-OCH1-3HA HIS4 B. Glick S12m-GGV PPY12-S12m, aox1:: pKU125 (GAP-GFP-PpVIG4 HIS4) this study S12m-AGV PPY12-S12m, aox1::pKU111 (AOX1-GFP-PpVIG4 HIS4) this study S13G-AMV PPY12-S13G, aox1::pKU120 (AOX1-6myc-PpVIG4 HIS4) this study S13G-AMVII PPY12-S13G::pKU120 (AOX1-6myc-PpVIG4 HIS4) AOX1 a this study S13G-GMV PPY12-S13G, aox1::pKU127 (GAP-6myc-PpVIG4 HIS4) this study OH-AGV PPY12-OH, aox1::pKU135 (AOX1-GFP-PpVIG4 ARG4) this study OH-AGVII PPY12-OH::pKU135 (AOX1-GFP-PpVIG4 ARG4) AOX1 a this study OH-GGV PPY12-OH, aox1::pKU136 (GAP-GFP-PpVIG4 ARG4) this study a Plasmids were not integrated in AOX1 but elsewhere.
tor pPIC3, Invitrogen) or constitutive GAP (493-bp 5Ј-non-coding region) genes. The GAP terminator (3Ј-343-bp non-coding region) was used in common. The DNA fragments containing promoter region, the detection tag, the PpVIG4 open reading frame and the HIS4 selection marker were prepared by PCR, using appropriate primers listed in Table 2 . The nucleotide sequence of each amplified fragment was verified. The integration plasmid was constructed using pPIC3, linearlized by appropriate restriction enzyme digestion before transformation, and the expression unit was integrated in the P. pastoris GS115 chromosome. It was confirmed by PCR amplification of the transformant chromosomal DNA whether the double crossing-over recombinations between the homologous sequences surrounding the AOX1 gene replaced the authentic AOX1 gene with the recombinant expression unit (Table 1) . Antibodies. Anti-GFP serum was raised against the GST-GFP fusion protein and used after dilution at 1 : 1,000 for immunoblotting. The anti-myc mouse (9E10, Berkeley Antibody) and anti-HA rat (3F10, Roche Diagnostics) monoclonal antibodies (mAb) were purchased. Subcellular fractionation. A 10 ml culture of yeast was grown in YPD to an OD 550nm of 1.0. The cells were collected by centrifugation, washed and resuspended in an ice-cold lysis buffer (50 mM KOAc, 2 mM EDTA, 20 mM HEPES, 200 mM sorbitol, pH 6.8) with protease inhibitors (10 mg/ml each of aprotinin, leupeptin, pepstatin and chymostatin, and 1 mM PMSF). One-half sample volume of acid-washed glass beads was added to the cell suspension in a glass tube, which was then vortexed eight times for 30 s with 30 s incubations on ice between each burst. The crude lysate was centrifuged at 500ϫg for 3 min at 4°C to remove unbroken cells. The cleared lysate was sequentially centrifuged to generate 10,000ϫg pellet (P10), 100,000ϫg pellet (P100), and 100,000ϫg supernatant (S100). Each fraction was adjusted to the original volume of the lysate and the same amount was applied for SDS-PAGE and Western blotting as described (Imai et al., 2005) .
Immunofluorescence microscopy. Samples were prepared according to the methods of Rossanese et al. (1999) . The fluorescent images were obtained using an AX-80 microscope (Olympus).
Results and Discussion

Cloning of an ortholog of the GDP-mannose transporter (GMT) gene of P. pastoris
A number of P. pastoris essential genes, including SEC12, SEC13, SEC17 and SEC18, were cloned by Table 2 . Primers used in this study.
Target
Name Sequence (restriction site added)
AACTGCAGAACCAATGCAGCGGCCGCTTTAATGCGGTAGTTTATCA (PstI, NotI) their ability to recover the phenotypic defects of the temperature-sensitive S. cerevisiae mutations of their cognate genes (Payne et al., 2000) . So, firstly, we sought to obtain an ortholog of the GMT gene by screening a P. pastoris genomic library for the clones that recover the Geneticin hypersensitivity of the S. cerevisiae vig4-1 mutant with a defective GMT (Abe et al., 1999) . But it has been unsuccessful so far, as in the case of P. pastoris SAR1 ortholog (Payne et al., 2000) . We next sought to clone the GMT ortholog by its nucleotide sequence homology. Sequence data for Leishmania donovani Lpg2 (GenBank accession no. U26175), S. cerevisiae VIG4/VRG4 (CAA96941) and Schizosaccharomyces pombe homologue (CAB59698) were available at our cloning works. We selected the sequences of FDTMFYNN and MVGALNKL (amino acids 214-221 and 283-290 of S. cerevisiae GMT, respectively) which are completely identical between the amino acid sequences of S. cerevisiae and S. pombe GMTs, and synthesized two mixed primers (VIG4-F1 and VIG4-R1 in Table 2 ). A 241-bp fragment was amplified when the primers and S. cerevisiae DNA template were used. When P. pastoris DNA was used as the template, a fragment of approximately 200 bp was amplified in the presence of both primers. The nucleotide sequence of the fragment indicated that it encodes a polypeptide which was highly homologous to the corresponding region of yeast GMT. This fragment was used as the probe for Southern blot analysis of P. pastoris genomic DNA. A single restriction fragment was detected when the DNA was digested by the restriction enzymes examined. The sizes of fragments detected were approximately 1.2 kb by HindIII, 1.5 kb by PstI, 2.4 kb by EcoRV, 6.5 kb by Xho1, 7.3 kb by XbaI, 8.3 kb by SalI, 18 kb by EcoRI, and 23 kb by BamHI. This suggested that there is a single copy of this gene in the haploid genome of P. pastoris.
The DNA in the bands of approximately 2.4 kb after EcoRV digestion was used to prepare a subgenomic library in pBluescript II SK(ϩ). Four out of 100 white colonies of E. coli DH5a transformants on the X-Gal agar plate gave positive signals by dot blot hybridization using the same DNA probe. The plasmids of these clones had an identical fragment of 2,372 bp. Two open reading frames without possible introns were predicted (Fig. 1) . One consists of 329 amino acids and is 54.1% identical with S. cerevisiae GMT, 50.4% with S. pombe GMT, and 11.2% with L. donovani GMT (Fig. 2) . Accordingly, the hydropathy profiles were similar with hydrophobic stretches to span the membrane 9-10 times (Fig. 3) . The protein has a predicted molecular weight of 36.4 kD and pI of 9.55. We refer to this P. pastoris ortholog of the GMT gene as The deduced amino acid sequences of two ORFs, ORF1 and VIG4, are shown below. The DNA sequence has been deposited with the DDBJ/EMBL/GenBank database under accession no. AB252397.
amino acids with no apparent homologues in the database. After our cloning of PpVIG4, the orthologs of Candida albicans (Nishikawa et al., 2002b) and Candida glabrata (Nishikawa et al., 2002a) were reported.
Characterization of the product of PpVIG4 in P. pastoris cells
In S. cerevisiae, the GMT localizes in the Golgi and 6myc-tagged ScVig4 was visualized as a punctate pattern dispersed in the cytoplasm (Abe et al., 1999 (Abe et al., , 2004 unless it is overproduced (Hashimoto et al., 2002) . The 6myc-ScVig4 was functional and rescued the glycosylation defect of the vig4-1 mutant. When the GMT-encoding region of the 6myc-ScVIG4 plasmid was replaced with that of PpVIG4, the plasmid did not show the above activity (our unpublished result). Therefore the heterologous expression of GMT was unfavorable, which is consistent with our failure in the functional cloning trials using the vig4-1 mutant.
To characterize PpVig4 in the homologous system, we sought to express GFP-PpVIG4 in P. pastoris with the aid of the promoters of PpVIG4 itself, inducible AOX1 and constitutive GAP genes, and the GAP terminator (Waterham et al., 1997) . The component DNA fragments and the HIS4 selection marker were prepared by PCR using appropriate primers listed in Table  2 . The integration plasmid was constructed using pPIC3, and the expression units were integrated in the P. pastoris GS115 chromosome by homologous recombination replacing the AOX1 gene. Western blot analysis of the cell extracts using anti-GFP antiserum (Fig. 4) recognized a band of the expected position for GFP-PpVig4 protein (lanes 3 and 5, indicated by an arrow at the right). In addition, a number of high molecular weight bands sometimes were observed when the polytopic membrane proteins were overproduced (lanes 2 and 4). Figure 4 indicates that the methanol-induced production by the AOX1 promoter was the strongest (lane 2). The signal produced by the GAP promoter was less (lane 4) but stronger than that by the PpVIG4 own promoter (lane 5) in YPD medium, which was similar to that by the AOX1 promoter in the presence of mannitol instead of the inducer methanol (lane 3).
We sought to characterize the tagged PpVig4 produced by its own promoter, because the overproduced proteins often give some artifacts. Figure 5 shows that GFP-PpVig4 produced by its own promoter was recovered in the 10,000ϫg, 30 min precipitate (P10) and the 100,000ϫg, 60 min precipitate (P100) and not in the supernatant (S100). This suggests that GFP-PpVig4 was correctly integrated in the membrane, although it The conserved amino acids are indicated by the reverse characters. The completely identical sequences of S. cerevisiae and S. pombe GMTs which were selected to synthesize two mixed primers (VIG4-F1 and VIG4-R1) are indicated by arrows. The altered amino acid (A286V) in the S. cerevisiae vig4-1 mutation is indicated by an asterisk. Fig. 3 . The hydropathy profiles of PpVig4 protein.
The hydrophobicity was calculated according to Kyte and Doolittle (1993) using the scan window of 19. is yet to be determined whether this tagged protein really has the GMT activity.
Localization of GMT in P. pastoris cell
The localization of GFP-PpVig4 produced by its own promoter was examined by fluorescent microscopy.
Several small rod structures were detected in the cells, some of which were close to the nucleus and the others were close to the cytoplasmic membrane (Fig. 6A ). This profile is distinct from the punctate localization of ScVig4 dispersed in the cytoplasm of the S. cerevisiae cell. Indirect immunofluorescent staining using anti-GFP antibody gave similar results but with higher fluo-142 ARAKAWA et al. Vol. 52 Fig. 4 . Western blot detection of GFP-PpVig4 protein produced in P. pastoris derivatives having various expression units.
Lane 1, the AOX1 promoter (KU111) with no inducer; lane 2, the AOX1 promoter (KU111) with 0.5% methanol; lane 3, the AOX1 promoter (KU111) with 2% mannitol; lane 4, the GAP promoter (KU125); lane 5, the PpVIG4 promoter (KU126); lane 6, the parent strain (GS115). Anti-GFP serum was used to detect the tagged proteins. The positions of molecular mass markers and GFP-PpVig4 protein are indicated with numbers in kD at the left and an arrow at the right, respectively. The spheroplast lysate (T) was fractionated by differential centrifugation at 10,000ϫg (P10) and 100,000ϫg (S100 and P100). Aliquots of fractions were subjected to SDS-PAGE and Western blot analysis with anti-GFP antiserum. Each lane contains an equal portion of the fractions (0.5 OD 600 unit equivalents). GFP-PpVig4 and its possible degradation product are shown by an arrow and asterisk, respectively. rescent signals (data not shown). The localization of GFP-PpVig4 produced by GAP promoter was also the same (Fig. 6B) . It was reported that the early-Golgi marker mannosyltransferase Och1 and the COPII vesicle coat protein Sec13 were localized close to the transition ER (tER) region (Rossanese et al., 1999) . The ER membrane protein Sec12 is concentrated in the tER and plays its role to produce COPII vesicles for export of the anterograde cargo proteins in P. pastoris. The localization of PpVig4 may be similar to these localization. To clarify this issue in more detail, GFP-PpVig4 or 6myc-PpVig4 was produced in the cell which has Sec12-myc, Sec13-GFP or Och1-3HA and examined by double immunofluorescent staining.
As shown in the panels of Fig. 7 , the number and localization of the signals of GFP-PpVig4 were similar to those of Sec12-6myc (Panel A) and Och1-3HA (Panel C), and those of 6myc-PpVig4 and Sec13-GFP were similar (Panel B). These results indicate that the organelles or the regions where Sec12, Sec13, Och1 and PpVig4 localize are closely related. The merged images showed that the signals of Sec12 and PpVig4 were closely associated but mostly were not overlapping. It was also the case for the signals of Sec13 and PpVig4. Sec12 and Sec13 are reported to represent the tER in P. pastoris (Rossanese et al., 1999) . Therefore, PpVig4 is present not in the tER itself but in the organelles which localize adjacent to the tER. In contrast to the signals of Sec12 and Sec13, the signals of Och1 were mostly overlapped with the signals of PpVig4. Och1 is the mannosyltransferase which transfers the first mannose from GDP-mannose to the Nlinked core oligosaccharides and so properly localizes in the early Golgi compartment (Yoda and Noda, 2001) . Colocalization of PpVig4 with Och1 in the early Golgi strongly suggests that PpVig4 is a functional GMT that supplies the substrate GDP-mannose in the Golgi lumen although biochemical experiments are required to formally prove this conclusion.
